This population-based study determined the salivary microbiota composition of 2,343 adult residents of Hisayama town, Japan, using 16S rRNA gene next-generation high-throughput sequencing. Of 550 identified species-level operational taxonomic units (OTUs), 72 were common, in ≥75% of all individuals, as well as in ≥75% of the individuals in the lowest quintile of phylogenetic diversity (PD). These "core" OTUs constituted 90.9 ± 6.1% of each microbiome. The relative abundance profiles of 22 of the core OTUs with mean relative abundances ≥1% were stratified into community type I and community type II by partitioning around medoids clustering. Multiple regression analysis revealed that a lower PD was associated with better conditions for oral health, including a lower plaque index, absence of decayed teeth, less gingival bleeding, shallower periodontal pockets and not smoking, and was also associated with tooth loss. By contrast, multiple Poisson regression analysis demonstrated that community type II, as characterized by a higher ratio of the nine dominant core OTUs, including Neisseria flavescens, was implicated in younger age, lower body mass index, fewer teeth with caries experience, and not smoking. Our large-scale data analyses reveal variation in the salivary microbiome among Japanese adults and oral health-related conditions associated with the salivary microbiome.
Scientific RepoRts | 6:22164 | DOI: 10.1038/srep22164 be influenced by external factors such as smoking and personal oral hygiene. Furthermore, the host's systemic condition (e,g., obesity) is reportedly associated with the microbiota structure in saliva 11, 12 . Based on these potential connections with the host's health status, the salivary microbiome is promising as a surrogate indicator for health monitoring and disease diagnosis 13 . However, the degree of variation in the salivary microbiome at the population level has not been well characterized, although a "normal" community structure observed in healthy individuals has been demonstrated [14] [15] [16] [17] . Furthermore, oral health-related conditions themselves often interact with each other; therefore, confounding effects should be taken into consideration for an accurate understanding of the relationship with the salivary microbiome. A large-scale comprehensive analysis of the salivary microbiome obtained from individuals with various health conditions is therefore required.
In this work, we collected saliva from Japanese adults inhabiting the town of Hisayama, which is recognized to be demographically representative of Japan 18 . The bacterial composition of saliva from more than 2,000 individuals was characterized using 16S rRNA gene next-generation sequencing, and we investigated the relationship with oral health-related conditions using statistical analyses via multivariate approaches. This population-based study of the salivary microbiome aimed to phylogenetically define commonly shared as well as uncommon taxa in saliva using in silico approaches, to reveal the variation in the salivary microbiome among Japanese adults and to investigate the oral health-related conditions associated with a bacterial assemblage in saliva.
Results
We determined the bacterial compositions in the saliva of 2,343 adults aged ≥ 40 years living in Hisayama, Japan, using 16S rRNA gene amplicon analysis with an Ion PGM. In total, 67,753,985 reads were obtained from 14 sequencing runs, of which 32,855,304 quality-passed reads (14,022 ± 3,313 read per sample) containing the V1-V2 regions of bacterial 16S rRNA gene were used in the analyses. The sequences were assigned to 550 operational taxonomic units (OTUs) using a cutoff distance of 0.04. The rarefaction curve for the number of observed OTUs per sample almost reached a plateau after 5,000 sequence reads (Fig. S1 ).
Community structure of salivary microbiome. We first calculated phylogenetic diversity (PD) 19 to characterize the salivary bacterial populations. PD is an alpha diversity measure of microbial richness, which takes into account phylogenetic differences among species. The PD of the salivary microbiome in this study ranged from 2.74 to 17.57. We classified all 2,343 individuals into quintile categories (Q1, Q2, Q3, Q4 and Q5). The PD range for each quintile was as follows; PD < 8.98 for Q1, 8 .98 ≤ PD < 10.04 for Q2, 10.04 ≤ PD < 11.04 for Q3, 11.04 ≤ PD < 12.20 for Q4 and 12.20 ≤ PD for Q5. As shown in Fig. 1 , 72 OTUs were commonly (≥ 75%) present in the saliva of the 2,343 individuals, as well as those in every quintile category, including Q1. These "core" OTUs constituted the vast majority of the salivary microbiome in each individual (90.9 ± 6.1%, mean ± SD). This result suggests that the oral microbiome has a large set of bacterial taxa shared among individuals, consistent with the Human Microbiome Project (HMP) data 20 . These core OTUs corresponded to bacterial species such as Streptococcus mitis, Streptococcus salivarius, Granulicatella adiacens, Neisseria flavescens, Rothia mucilaginosa ; the tree is described in the center of the diagram. Mean relative abundance of each OTU in the individuals in the lowest PD quintile is shown as a blue bar. Of the 72 OTUs, 22 with a mean relative abundances of ≥ 1% in the saliva of individuals in the lowest PD quintile were shown in bold. Abbreviations: Mor; Moraxella; Ori, Oribacterium; Meg, Megasphaera; Lep, Leptotorichia; Fus, Fusobacterium; Cam, Campylobacter; Lau, Lautropia; All, Alloprevotella; Ber; Bergeyella; Eub, Eubacterium; Ato, Atopobium; Sol, Solobacterium; Abi, Abiotrophia.
and Prevotella melaninogenica (Fig. 1) . A higher PD value implies the presence of a broader array of bacterial species in the saliva. The number of commonly shared OTUs increased gradually in individuals with a higher PD quintile, as shown in Fig. 2 . In total, 25 OTUs along with the 72 core OTUs were commonly (≥ 75%) found in the saliva of individuals in Q2. They corresponded to the bacterial species including Fusobacterium nucleatum, which is known as a middle colonizer in dental plaque development 21 . Furthermore, 18, 16 and 18 additional OTUs were identified in the individuals in Q3, Q4, and Q5, respectively. These OTUs corresponded to bacterial species, including the well-known periodontal pathogens Porphyromonas gingivalis (Q3), Tannerella forsythia (Q3), Prevotella intermedia (Q4), Treponema denticola (Q5), and Filifactor alocis (Q5), as well as cariogenic pathogens, including Streptococcus mutans (Q4).
Phylogenetic diversity and oral health-related conditions. The PD of the salivary bacterial populations was significantly correlated with all oral health-related conditions evaluated in this study, as shown in Fig. 3 . A bivariate analysis was used to extract these data; the PD values were higher in younger individuals, in males, in those with a higher body mass index (BMI), with more present teeth, who presented decayed teeth, with less teeth with caries experience, with deepened periodontal pockets, with a greater number of sites with bleeding on probing (BOP), with a higher plaque index, and in current smokers. The results were consistent when we used other alpha diversity indices, including the number of identified OTUs and Shannon diversity index (data not shown). We then performed multivariate regression analysis, incorporating the abovementioned variables to control for the effects of potential confounders (see Table 1 ). The results reveal that current oral conditions such as present teeth, decayed teeth, periodontal pockets, gingival bleeding and oral hygiene, along with current smoking, were significantly associated with the PD of the salivary bacterial populations, and that this was independent of other variables.
Community type stratification of salivary microbiome. The variation in PD found here most likely depended on phylogenetic lineages of minority members of the microbiota, because the predominant members were mostly shared across individuals. We then assessed the relative abundances of common predominant bacteria to evaluate the salivary bacterial populations. Of the 72 core OTUs shown in Fig. 1 , the 22 OTUs shown in bold (corresponding to bacterial species, including N. flavescens, R. mucilaginosa, and S. salivarius) had a mean relative abundances of ≥ 1% in the saliva of individuals in the lowest PD quintile. We focused on these "predominant core" OTUs, which accounted for 67.3 ± 8.8% of the salivary bacterial population in the participants overall. A co-occurrence network analysis based on the relative abundances suggested the presence of two cohabiting groups of bacteria: one was mainly composed of a bacterial complex including Prevotella histicola, Veillonella parvula, Veillonella atypica, S. salivarius, and Streptococcus parasanguinis (cohabiting group I), whereas the other was primarily assembled from N. flavescens, Haemophilus parainfluenzae, Porphyromonas sp. oral taxon 279, Gemella sanguinis, and Granulicatella adiacens (cohabiting group II, Fig. 4 ).
Partitioning around medoids (PAM) cluster analysis using the Jensen-Shannon divergence (JSD) and Calinski-Harabasz (CH) index were used for enterotype classification 22 . This allowed us to divide the relative abundance profiles into two. Figure 5 shows a PCA biplot diagram revealing the localization of the salivary bacterial populations belonging to each community type (represented as dots) in the negative and positive directions of the first principal component. The loading plot in the diagram (shown with arrows) indicates the bacterial composition of each community type: type I was characterized by the dominance of cohabiting bacterial group I (i.e., Prevotella, Veillonella, Actinomyces, Rothia, S. salivarius, and S. parasanguinis), whereas type II was characterized by the dominance of cohabiting bacterial group II (i.e., Neisseiria, Haemophilus, Porphyromonas, Gemella, and S. mitis). Table S1 lists the mean relative abundance of each OTU in the two community types. No significant difference was observed in terms of PD between the salivary bacterial populations belonging to each community type (10.4 ± 2.1 in community type I and 10.5 ± 1.7 in community type II).
Community types and oral health-related conditions. Significant differences in general and clinical conditions were observed between individuals with type I and type II communities (Table 2) . Individuals with a type II community exhibited a younger age, lower BMI, more present teeth, fewer teeth with caries experience, shallower periodontal pockets, fewer sites of BOP, and a lower plaque index; this group also included fewer individuals with decayed teeth and fewer current smokers than those with a type I community. We then performed multivariate Poisson regression analysis incorporating the abovementioned variables to control for the effects of potential confounding factors, allowing us to calculate odds ratios for the type I community ( Table 3 ). The results reveal that age, BMI, dental caries experience, and current smoking are significantly associated with the community type in saliva, independent of other variables.
Discussion
This population-based study determined the microbiota composition in the saliva of 2,343 Japanese adults inhabiting Hisayama, Japan, using a 16S rRNA gene amplicon deep sequencing approach. Hisayama is recognized to be demographically representative of Japan in terms of its age and occupational distributions, based on national census data 18 , and the population of this study constituted over half of the residents aged ≥ 40 years, including healthy individuals as well as those in various disease states. Although geographical differences in oral microbiome might exist between different regions of Japan, as observed between different countries 16, 23, 24 , our large-scale data are assumed to cover the variation in salivary microbiome among Japanese adults.
In the present study, 72 species-level OTUs were commonly present in the saliva of ≥ 75% of the individuals in the lowest PD quintile (i.e., Q1; Fig. 1 ). Commonly shared taxa (i.e., core microbiome) in saliva have been found previously [14] [15] [16] [17] ; however, their populations were mostly composed of healthy individuals because they aimed to define a "normal" oral microbiome. In contrast, those bacterial species identified here were shared among the least diverse microbiome in the community-dwelling population with various health conditions; thus, they could be regarded as a minimum set of the salivary microbiome in Japanese adults.
In general, good oral health was associated with a lower PD of the salivary microbiome, although an especially low PD was observed with high tooth loss (Fig. 3) . Of 105 edentulous individuals, 94 belonged to Q1 and the mean PD of their microbiome (6.97) was far below the upper limit of the quintile (8.98). The salivary microbiome is a mixture of bacterial communities that exist at various sites in the oral cavity, although its community composition is most similar to the tongue microbiota 10, 25, 26 . The loss of bacterial communities associated with the tooth surface would therefore lead to a marked decrease in taxonomic richness in saliva. In dentate individuals, larger quantities of dental plaque and related deterioration in dental health were associated with greater PD of the microbiome. Prolonged plaque accumulation results in the multiplication of attached bacteria, as well as a compositional shift to a highly diverse community due to the altered ecological conditions within the biofilm 27, 28 . Gingival bleeding provides a nutrient source, and deepened periodontal pockets provide an anaerobic niche in the gingival sulcus; both of these effects are associated with elevated plaque microbiota diversity 29, 30 . Dental caries results in a roughened tooth surface to which bacteria can easily adhere, as well as an acidic microenvironment The individuals are categorized into two groups by the Student's t-test in terms of the number of DT and smoking history (presence vs. absence and current smokers vs. the other individuals, respectively). Abbreviation: BMI, body mass index; DT, decayed teeth; DFT, decayed and filled teeth, PPD, periodontal pocket depth; BOP, bleeding on probing.
in the biofilm, which promotes the preferential growth of acid-tolerant bacteria in the plaque microbiota 31 . Furthermore, considering that the commonly shared taxa expanded in individuals with a higher PD quintile included periodontal and cariogenic pathogens acting within the plaque biofilm (e.g., P. gingivalis and S. mutans; Fig. 2) , it is reasonable to expect that the PD of the salivary microbiome, which indicates the diversity of non-core minority bacteria, is affected by tooth-associated communities shed into saliva.
Although a bivariate analysis showed that age, gender, and BMI were significantly associated with PD, these relationships dissipated following multivariate adjustment (Table 1) . Lower PD in older individuals is likely due to a decrease in the number of remaining teeth with age. Periodontal disease is more prevalent in males than in females 32, 33 and a high BMI is known to be associated with periodontitis 34 . A higher PD in male and obese individuals may be caused by the confounding effect of periodontal disease. We suggest that the PD of the salivary microbiome reflects local environmental conditions within the oral cavity, rather than inherent or systemic conditions of the host.
The salivary microbiome of Japanese adults could be categorized into two community types when we focused on the predominant core OTUs. The relative abundance data across the individuals shown in Fig. 4 suggest two cohabiting bacterial groups in saliva, and the ratio of these groups differed between the two types ( Fig. 5 and Table S1 ). Based on 16S rRNA fingerprinting, we previously classified the salivary bacterial compositions of 200 individuals aged 15-40 years into three types: Prevotella/Veillonella-dominant type, Streptococcus-dominant type, and Neisseria, Haemophilus, or Aggregatibacter/Porphyromonas-dominant type 35 . A recent study using 16S rRNA deep sequencing also divided the relative abundances of common bacterial genera in the saliva of 161 healthy individuals into three types: Prevotella-dominant type, Streptococcus/Gemella-dominant type and Neisseria/Fusobacterium-dominant type 15 . Although the Prevotella and Streptococcus types were combined in the Table 1 . The relationship between phylogenetic diversity and general and clinical conditions. Adjusted R 2 = 0.21. A multivariate regression analysis was used to examine the association between environmental conditions and phylogenetic diversity of salivary microbiome of individuals with ≥ 9 teeth (n = 2,080). Abbreviations: BMI, body mass index; DT, decayed teeth; DFT, decayed and filled teeth; PPD, periodontal pocket depth; BOP, bleeding on probing. grouping used here based on the OTU abundances, the cohabiting bacterial groups observed in this study (Fig. 4) were consistent with previous results 15, 35 . Individuals with the microbiome categorized as community type II were significantly younger than those with the community type I microbiome (Table 2) , and these differences were confirmed following multivariate adjustment (Table 3) . Succession of oral microbiota has been observed in childhood 36, 37 ; however, little is known about the effects of aging on the microbiota in adults. Although a study using 16S rRNA deep sequencing indicated that the microbiota structure varied among different age groups, including adults 38 , there remains the possibility that it merely reflected their oral hygiene or health status. Our data are supported by statistical analyses and demonstrate that the relative abundances of predominant core bacteria in saliva are affected by aging, independently of other intraoral conditions.
The community type II salivary microbiome was also associated with a lower BMI after controlling for confounding effects (Tables 2 and 3) . A Danish study reported that BMI had no statistically significant influence on the bacterial profiles of saliva 39 , and the association between obesity and the oral microbiome remains controversial. However, the microarray technique used in that study provided information only on bacterial taxa with a corresponding probe, and the relative abundance in total microbiota was not discussed. Our results for relative bacterial abundance are not inconsistent with their data; however, the lean and obese patterns shown here are not necessarily consistent with previous results linking oral health to obesity 11, 12 . In particular, an Italian study 12 found that Prevotellaceae and Veillonellaceae were less abundant in obese individuals, in contrast to our data (although the levels of obesity differed between the two studies). Further careful consideration, including other potential factors such as dietary habitat is required to determine the influence of obesity on the oral microbiome.
The dominant source of the salivary microbiome is most likely bacterial communities on the mucosal surfaces, especially the tongue dorsum, considering the similarities among microbiota compositions at various oral sites and in saliva 9, 10, 25, 26 . Therefore, it is reasonable to expect that the relative abundances of predominant bacteria in saliva are not directly associated with the quantity of dental plaque or dental health (Table 3) . Community type I was significantly correlated with higher caries experience, even following multivariate adjustment; it was not correlated with the presence of decayed teeth (Table 3) . These community types might reflect susceptibility to dental caries in each individual, rather than the current condition. Another possibility is that the bacterial members that make up community type I simply prefer the environment created by dental restorations such as resin and metal. A longitudinal survey would clarify the role of the community type I microbiome in the development of dental caries.
Smokers have been reported to possess a more highly diverse, pathogen-rich, anaerobic subgingival plaque microbiota than non-smokers 40 . Greater PD in the salivary microbiome of current smokers ( Fig. 3 and Table 1 ) would reflect the taxonomic richness of bacteria shed from the altered plaque microbiota. This work further demonstrates that smoking was significantly associated with salivary community type (Tables 2 and 3) . We suggest that smoking has an impact not only on tooth-associated communities, but also on the mucosal microbiota in the oral cavity.
The ambiguous border between community types I and II in the PCA plot (Fig. 5 ) and the low mean silhouette width (0.19) of the PAM cluster suggest that the relative abundance profiles across Japanese adults should be continuous rather than binomial. The community types found in this study should be regarded as a stratification of the individuals for the investigation of oral health-related factors associated with a bacterial assemblage in saliva, rather than discrete patterns of the salivary microbiome.
The dominant core taxa identified in this study, including N. flavescens, R. mucilaginosa, P. melaninogenica, and S. mitis were also commonly present in saliva in results that analyzed US HMP data 41 . Our previous studies also demonstrated that dominant common members of salivary microbiome were common between Japanese and Koreans, although significant differences were observed in their relative abundances 24 . These results suggest that several bacterial taxa of the salivary microbiome might be shared among ethnically diverse individuals. Further cross-national studies are needed to clarify oral bacterial taxa shared globally and the effects of ethnic differences on oral microbiomes.
This study focused on the community structure of the salivary microbiome associated with oral health-related factors. However, no information on its metabolic capacity and microbial activity was given by 16S data, and thus it remains unclear how the structural differences affect the oral or systemic health in each individual. Future studies using metagenomic and transcriptomic approaches will help to clarify differences in the function of the salivary microbiome with different PD or community types and provide deeper insights into its role in human health.
This large-scale population-based study defined commonly shared and uncommon taxa in saliva, and revealed variation in the salivary microbiome among Japanese adults. Furthermore, statistical analyses using multivariate Table 3 . The relationship between community type and general as well as clinical conditions. Dependent variable: community type (1: Community type I, 0: Community type II). Bivariate and Poisson logistic regression analysis was used to examine the association between environmental conditions and community types of salivary microbiome of subjects with ≥ 9 teeth (n = 2,080). Crude and adjusted odds ratio were calculated by bivariate analysis and Poisson logistic regression analysis, respectively. Sex was excluded from this model, because no significant relationship with the community type was observed in the bivariate analysis. ***P < 0.001, **P < 0.01, *P < 0.05. Abbreviations: CI, confidence interval; BMI; body mass index; DT, decayed teeth; DFT, decayed and filled teeth; PPD, periodontal pocket depth; BOP, bleeding on probing.
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approaches identified oral health-related factors that were directly associated with each of the predominant and minority members. Our results suggest the utility of the salivary microbiome for evaluating the oral environment, and provide a basis for the development of an effective approach to maintain a healthy salivary microbiome.
Methods
Ethics statement. All participants understood the nature of the study and provided informed consent. The
Ethics Committee of Kyushu University, Fukuoka, Japan approved the study design as well as the procedure for obtaining informed consent (reference numbers: 19B-1 and 26-312). All experiments were performed in accordance with the approved guidelines.
Study population. Saliva samples were collected from participants of the Hisayama cohort study in Japan. A prospective population-based follow-up study of cardiovascular disease has been ongoing since 1961 in the town of Hisayama, which is a suburb of the Fukuoka metropolitan area in western Japan; the population of the town is approximately 8,000. As part of the follow-up survey, we performed a health examination of Hisayama residents in 2007, including a dental examination. Among all residents aged 40 years and older (4,298 individuals), 3,237 residents consented to participate in the study. Dental and medical examinations were performed on 2,930 individuals (68.2%). The subjects from whom sufficient saliva was not collected or from whom PCR amplicons appropriate for sequencing were not obtained were excluded. Thus, in total, 2,344 individuals (1,022 males, 1,322 females) took part in this study.
Dental examination. The numbers of present, decayed or filled teeth were examined, as well as the use of dentures. The number of decayed and filled teeth signifies teeth with caries experience, and represents the caries history of the individual. Periodontal condition was evaluated based on the periodontal pocket depth (PPD) and bleeding on probing (BOP) at two sites for all teeth (mesio-and mid-buccal sites) based on the NHANES III method, with the exception of the third molars since, when partially impacted, these teeth frequently exhibit pseudopockets. Details of the periodontal examination are described elsewhere 42 . The periodontal pocket is the pathological space between the gingiva and the tooth root, and its depth is used in the clinical diagnosis of periodontal disease. The depth of these spaces is normally 1-3 mm in periodontally healthy individuals; however, it deepens as supporting connective tissue and alveolar bone become damaged by persistent gingival inflammation 43 . BOP is the bleeding caused by picking the inside of the periodontal pocket using a periodontal pocket probe, and is a visible symptom of gingival inflammation, which is suggestive of an active phase of periodontal disease. The oral hygiene status was assessed based on the dental plaque score according to the Silness and Löe plaque index 44 , which evaluates both soft debris and mineralized deposits on six selected teeth (positions 16, 12, 24, 36, 32, and 44) . A score of 0-3 was given for each tooth, and the mean plaque score was calculated as an oral hygiene index for each individual. The participants were categorized into never, past, and current smokers based on interview data.
Saliva collection and DNA extraction. Following the dental examination, the subjects were asked to chew gum for 2 min, and stimulated saliva samples were collected in sterile plastic tubes. The samples were stored at − 30 °C until further analysis. DNA extraction from saliva samples was performed as described previously 45 .
Ion Torrent 16S rRNA gene analysis. The 16S rRNA gene sequencing analysis was performed using saliva samples collected from the participants. The V1-V2 regions of 16S rRNA genes from each sample were amplified using the following primers: 8F (5′ -AGA GTT TGA TYM TGG CTC AG-3′ ) with the adaptor A (5′ -CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG-3′ ) and the sample-specific 6-to-8-base tag sequence and 338R (5′ -TGC TGC CTC CCG TAG GAG T-3′ ) with the Ion Torrent trP1 adaptor sequence (5′ -CCT CTC TAT GGG CAG TCG GTG AT-3′ ). PCR amplification was carried out using KOD DNA polymerase (Toyobo, Osaka, Japan) under the following cycling conditions: 98 °C for 2 min followed by 30 cycles of 98 °C for 15 s, 60 °C for 20 s and 74 °C for 30 s. The amplicons were purified using an Agencourt AMPure XP Kit (Beckman Coulter, Brea, CA, USA) according to the manufacturer's instructions. The DNA concentration and quality were assessed using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and equal amounts of DNA were pooled together (up to 192 samples per pool). The pooled DNA was gel-purified using a Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA), and the quality and fragment size were assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA Data analysis and taxonomy assignment. The raw sequence reads were trimmed using the CLC Genomics Workbench 6.5.1 (CLC Bio, USA, Cambridge, MA, USA) with a quality score limit of 0.05 and no ambiguous nucleotides. Reads were excluded from the analysis using a script written in R (version 3.0.1) if they were ≤ 200 bases (not including the tag sequence), had an average quality score ≤ 25, did not include the correct forward primer sequence or had a homopolymer run > 6 nt. The remaining reads were assigned to the appropriate sample by examining the tag sequence. Quality-checked reads with the correct reverse primer sequence were dereplicated, and singleton reads were subsequently discarded. Similar sequences were clustered into OTUs using the -cluster_otus and -cluster_smallmem commands in UPARSE 46 , with a minimum pair-wise identity of 96%. All quality-checked reads were mapped to each OTU using the -usearch_global command in UPARSE by searching for OTU representative sequences. Chimeras were removed from the representative set after being identified using Chimera Slayer 47 in QIIME 48 . One individual was excluded from the analysis because fewer than 5,000 quality-filtered reads were obtained from this individual. The taxonomy of representative sequences was determined using BLAST search against 831 oral bacterial 16S rRNA gene sequences (HOMD 16S rRNA RefSeq version 13.2) in the Human Oral Microbiome Database 49 (Oral taxon IDs were given in parentheses following bacterial names in Figures) . Nearest-neighbor species with ≥ 98% identity were selected as candidates for each representative OTU. The taxonomy of sequences with no BLAST hit was further determined using the RDP classifier with a minimum support threshold of 80% and the RDP taxonomic nomenclature (to the genus level). Rarefaction curves for the number of observed OTUs per sample were drawn using the rarecurve function in the vegan library of R. Following rarefaction to 5,000 reads per sample, the number of OTUs and the Shannon diversity index were calculated using the diversity function in the vegan library of R. A relaxed neighbor-joining tree was built using FastTree 50 , and phylogenetic diversity (i.e., the sum of all branch lengths in a 16S rRNA gene phylogenetic tree for each sample) 19 was calculated using the pd function in the picante library of R. Bacterial community types were identified as described previously 22 ; details of the procedure are described at http://enterotype.embl.de/enterotypes.html. Samples were clustered based on the relative abundances of predominant OTUs using JSD distance metric, and the PAM clustering algorithm using the pam function in the cluster library of R. The number of clusters and quality of the resulting clusters were chosen by maximizing CH index and the mean silhouette width using the index.G1 function in the clusterSim library of R.
Statistical analysis. All statistical analyses were conducted using R (version 3.0.1). A principal component analysis (PCA) of the relative abundances of predominant OTUs was implemented using the dudi.pca function in the ade4 library. Student's t-test was used to examine binomial data and Pearson's correlation coefficient was used for continuous data; we investigated the relationship between each oral health-related factor and phylogenetic diversity. Multiple regression analyses were performed to investigate the multivariate associations between phylogenetic diversity and oral ecological factors using the lm function in the stats library. A Pearson correlation test followed by a false discovery rate correction was used to evaluate co-occurrence of dominant core OTUs. Co-occurrence networks were constructed using the gplot function in the sna library. Fisher's exact test was used to examine binomial data and Student's t-test was used for continuous data; we investigated the relationship between each oral health-related factor and community types. A multiple Poisson regression analysis was carried out to investigate the relationship between community types and oral ecological factors using the glm function in the stats library, following binomial logistic regression.
